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enabling selective absorption 
in perovskite solar cells for 
refractometric sensing of gases
Mahmoud H. elshorbagy1,2, Alexander cuadrado3, Beatriz Romero3 & Javier Alda1 ✉
perovskite solar cells are currently considered a promising technology for solar energy harvesting. 
their capability to deliver an electrical signal when illuminated can sense changes in environmental 
parameters. We have numerically analyzed the variation of the current delivered by a perovskite cell 
as a function of the index of refraction of air, that is in contact with the front surface of the cell. This 
calculation identifies which geometrical and material structures enhance this behavior. After replacing 
the top transparent electrode of a solar cell by an optimized subwavelength metallic grating, we find 
a large variation in the responsivity of the cell with respect to the change in the index of refraction of 
the surrounding medium. Such a refractometric sensor can be interrogated electronically, avoiding the 
cumbersome set-ups of spectral or angular interrogation methods. We present an adaptation of the 
performance parameters of refractometric sensors (sensitivity and figure of merit) to the case of opto-
electronic interrogation methods. the values of sensitivity and figure of Merit are promising for the 
development of refractometric perovskite-based sensors.
What if the front surface of a solar cell were functionalized to work as an optical sensor? This question was asked 
and answered a long time ago in previous published results. The answer includes materials and sensitized coatings 
to selectively detect some specimens and substances using solar cells. The published results report applications 
for optical sensing1, gas sensing2,3, refractive index sensing4–7, chemical sensing8, and multi-functional sensors9. 
The advantage is clear: the signal is directly generated by the solar cell and, ideally, there is no need for sophisti-
cated and voluminous read-out elements (goniometers and spectrometer for angular and spectral interrogation 
techniques)10–12.
The measurement of the variation in the index of refraction is one of the most successful strategies for optical 
sensing of a variety of compounds13–17. Basically, the optical sensor becomes a refractometric sensor. This approach 
can be applied to self-powered sensors based on solar cells3. Although this side effect application of solar cells may 
seem exotic, we will show how nanophotonic structures boost the capabilities of perovskite-based solar cells for their 
use as refractometric sensors. This transformation from a solar cell to a sensor also implies a discussion to properly 
describe the performance of the system as a dedicated refractometric sensors, or as a solar cell.
In this contribution, we numerically analyze and propose a modified perovskite solar cell to work as a refracto-
metric sensor for gases. Silicon solar cells could be considered as a first choice because of its stability and durabil-
ity. However, in the last decade, perovskite cells have demonstrated a fast performance enhancement in terms of 
efficiency and durability18–20. Although there are some problems still to be solved (reliability, degradation, etc.)21, 
these devices are one of the most promising players in photovoltaic technologies, and perovskite solar cells are 
currently considered as one of the possible silicon substitutes. An interesting use for the device presented in this 
contribution is in environmental research applications, as well as in industrial inert atmospheres or laboratory 
clean rooms22,23. As a simple sensor fore gases, it may help to detect volatile compounds with potential environ-
mental hazard, and to monitor air quality parameters and gas composition24–33. The measurement of the index of 
refraction of air, as an ubiquitous gas, is of interest since long ago34–36. Several proposals have been presented to 
monitor air quality and composition23,29–31. It is also known, that the index of refraction of air, or any other gas or 
gas mixture, depends on physical parameters (temperature and pressure) and chemical composition (humidity, 
presence of natural or artificial specimens). Then, a refractometric sensor can check if some preset conditions 
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are fulfilled, or a known specimen varies its concentration. To do that, several optical technologies have been 
applied to sense refractometric changes in gases. For example, we can find interferometric systems14,37–40 plas-
monic devices31,41–43, or sensor based on specialized fibers and photonic crystals23,26,32,44,45. Our system, based on 
the selective resonances generated by subwavelength metallic gratings on a modified perovskite cell can provide 
an alternative. The capabilities of optical gas sensors rely on the accuracy and resolution of the involved optical 
instruments. A high-performance sensor requires high quality optical subsystems, making the device more com-
plex and expensive. The sensor proposed in this contribution delivers an electric signal to voltage, or current, 
meters, that are, by far, more available at lower cost.
Figure 1a shows a typical layer structure used for perovskite solar cells illuminated from the substrate46,47. In 
the same figure we have also evaluated the spectral absorption for two values of the index of refraction of the 
media in contact with the front surface (see Fig. 1b). Our first approach is to consider air as the analyte (na = 1), 
and slightly change its index of refraction while we monitor the response of the system. The details of this calcu-
lation are given in the following section 2. In energy harvesting applications, the performance of the cell is param-
eterized with its efficiency, which is related to the short-circuit current, or the short-circuit density current, 
delivered by the cell, Isc or Jsc, respectively. This current is proportional to the optical absorbed power at the active 
layer of the cell, that also depends on the spectral composition of the radiation. In our analysis, we can numeri-
cally evaluate the absorbed power within the perovskite layer, Aperov, and therefore obtain the opto-electronic 
response of the cell48. This signal is also dependent on the index of refraction of the medium in front of the cell 
that becomes the analyte. Therefore, we evaluate the sensitivity of the cell as a sensor, which is defined as the 
change of a physical property of the device with respect to an environmental change. In this case, we use the 
responsivity of the cell, R (in mA/W), as the parameter that changes with the refractive index of the analyte, 
na.49,50. In Fig. 1c we represent the change in responsivity, R, as a function of the index of refraction of the analyte 
when the system is illuminated at λ = 600 nm and 50 mW/cm2 in irradiance. When Isc is used to define the sensi-
tivity, = ∂ ∂S I n/B c as , we find a value of =S 190B  mA/RIU (where RIU means refractive index units). However, 
when using responsivity, we obtain = ∂ ∂ =S R n/ 70B a  mA/(W.RIU). We use responsivity because of its robustness 
and flexibility to define the sensitivity independently from the power of the source illuminating the cell. As it is 
being demonstrated, this idea shows potential that it is worth exploring. Therefore, the next step is to change the 
design of the cell and improve its optical sensor’s performance, while maintaining the structure of a working 
perovskite solar cell. This approach would allow an easy implementation, so customized solar cells could work as 
refractometric sensors. A similar approach has been successfully proved when adapting a CMOS device for sens-
ing51, and when perovskite photodetectors are used in visible light communication systems52. The solar cells 
becomes closer to a photodetector when the delivered electric signal varies for changes in na, acting like a sensor. 
Then, the performance parameters commonly used in sensing (sensitivity, figure of merit, FOM) may not be 
directly applicable here, so the capabilities of the system should be related with detection figures of merit as 
responsivity, noise equivalent power, detectivity, etc52,53.
Materials and methods
The performance as a refractometric sensor of a planar perovskite solar cell with an Indium Tin Oxide (ITO) top 
contact is not competitive. However, we can improve the device by replacing the ITO top electrode by a nanos-
tructured metallic layer. Also, we move the SiO2 substrate (or any other substrate, including flexible materials) 
behind the non transparent gold electrode to expose the front surface to the analyte. In this way, we mostly pre-
serve the structure of the solar cell and act only on the surface of a flipped, almost-finished, functional device. 
This arrangement allows a flexible substrate, and has been used in similar devices54–56. The geometry and material 
choice for the top contact, presented in Fig. 2a, is a metallic thin layer (in our case, a silver layer with a thickness 
of tm =150 nm), where periodic slits are etched to trigger funneling light mechanisms at selected wavelengths57. 
The sub-wavelength period of the grating, =p 375 nm, precludes the existence of high-order diffraction modes. 
Figure 1. (a) Layer structure of a perovskite solar cell. The cell is illuminated through the SiO2 (glass) substrate. 
From top to bottom: air, glass (SiO2, =t 3iOS 2  mm), top electrode (ITO, =t 70TOI  nm), buffer layer (TiO2, =t 30iOT 2  nm), active layer (perovskite, =t 300perovs  nm), buffer layer ( =t 160spiro  nm), and bottom electrode ( =t 200uA  nm). 
(b) Spectral absorption of active layer for two indices of refraction of the outer medium, na = 1.0 and na =1.1. 
(c) Responsivity, R as a function of n. The sensitivity of this device is given by the slope of the linear fit: SB = 70 
mA/(W.RIU).
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Consequently, the aperture is also subwavelength, having a width =GW 50 nm, and showing a high aspect ratio 
with a height equal to the thickness of the metallic layer ( = =t ASGH 150m  nm), meaning that the slit reaches 
the TiO2 buffer layer. We have used COMSOL Multiphysics as a computational electromagnetism tool. The relia-
bility of this approach has been proved in several analysis of nanophotonic devices, involving a variety of situa-
tions and physical mechanisms58–61. The calculation is made in two steps. First, a linearly polarized 
monochromatic wave illuminates the structure from the air. The magnetic vector is oriented along the direction 
of the slits, i.e., perpendicular to the plane represented in Fig. 2c. Then, the energy absorbed at the active layer is 
calculated using the material parameters of every layer in the structure. This is a 2D simulation because we con-
sider an extruded geometry along the direction of the slits. The period of the subwavelength grating is repeated 
using periodic boundary conditions. The result is the identification of several peaks in the spectral absorption, 
which correspond to selective resonances of the nanostructured subwavelength grating. The second step trans-
forms this absorbed power assuming that each photon generates a hole-electron pair that is collected by the top 
and bottom electrodes (assuming a collection efficiency equal to 1). This combined mechanism (selective absorp-
tion + current generation), and a monochromatic illumination allow refractometric sensing. Figure 2b shows the 
spectral absorption at the active layer for the proposed structure and geometry. This spectral shape is clearly dif-
ferent from the one belonging to a conventional perovskite solar cell (see Fig. 1b), and shows three maxima in the 
spectral absorption, located at λ = 385I  nm, λ = 715II  nm, and λ = 783III  nm. It shows more peaks at different 
wavelengths, but these three are the most relevant in the analyzed spectral range. If we compare Figs. 1b and 2b, 
we see a relative low value in absorption for the modified cell. The main reason for this decreased absorption is the 
high reflection caused by the silver non-transparent top electrode that replaces the ITO layer. Since our goal is not 
energy harvesting, instead of enhancing the total photo-generated current generated by a broadband spectrum, 
we aim to increase the variation of the photo-current delivered by the device with respect to a change in the index 
of refraction. The device is illuminated with a monochromatic laser source centered at one of the maximum 
absorption wavelengths. This increases the variation of the current when changing the index of refraction. The 
next optimization step is to find the geometry of the apertures that maximizes the short-circuit current of the 
solar cell at each peak. When done, this optimization will provide higher values in absorption for each wave-
length, as we will show in the following section (see also Fig. 3).
To understand the origin of each peak, we plot the Poynting vector and the electric field vector maps (see inset 
in Fig. 2a,c). The observed maxima have different field distributions along the structure, where resonances II and 
III generate stronger fields within the active layer. The peak at λI is related to plasmonic resonances caused by the 
periodic narrow slit. This origin is supported by the presence of hot spots in the electric field distribution at the 
metal/air interface (see Fig. 2c). The radiation at λII funnels through the gap until reaching the active layer62. The 
peak at λIII corresponds to the strongest field distribution at the active layer. However, as we will see when analyz-
ing its behavior with respect to the index of refraction of the analyte, this peak does not shift significantly in 
wavelength when changing the index of refraction, and should not be caused by a plasmonic resonance but by 
selective transmission through the apertures62.
Optimization. We focus on engineering an opto-electronically interrogated device able to sense changes in 
the index of refraction of the analyte. We will show the geometry of the design and the operation wavelengths 
where the proposed system provides the largest variation of the electric signal with respect to the index of refrac-
tion of the environment. In some cases, the spectral shift of the optical response of the optimized geometry allows 
to operate the device using spectral interrogation techniques.
Figure 2. (a) Layer structure of a perovskite solar cell where the top electrode has been replaced by a 
nanostructured metallic layer having a thickness of =t 150gA  nm. A periodic grating with subwavelength period, 
p = 375 nm, and apertures, GW = 50 nm, allows light funneling towards the active layer of the cell. The inset at 
the left show three maps of the Poynting vector where we see how the power is directed towards different 
portions of the solar cell for λI, λII, and λIII. (b) Spectral reflectance of the structure (black dotted line), and 
spectral absorption of the active layer (red solid line). Both the spectral absorption and reflectance show three 
peaks (I, II, and III) at λ=385I  nm, λ =715II  nm, and λ =783III  nm. (c) Electric field distribution for the same 
wavelengths considered in (a,b). The three resonances show their maximum amplitude at different layers within 
the solar cell.
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The common geometry and material arrangement of a perovskite solar cell can be seen in Fig. 1a. This basic 
design is modified at the top surface: the ITO transparent electrode is replaced by a nanostructured metallic layer 
(see Fig. 2a). When including it on top of the active persovskite layer, the absorption drops. It decreases because 
the metallic coating is highly reflective and also dissipates energy causing losses. However, at some selected wave-
lengths, the absorption at the active layer, and consequently the output signal delivered by the cell, increases due to 
this subwavelength grating. The slits grooved on the metallic coating generate funneling and plasmonic resonances 
that selectively increase the amount of energy reaching the perovskite layer. The analysis of the system requires the 
definition of a function of merit for optimization purposes. In this case, we select the amount of energy absorbed 
by the perovskite active layer as the function of merit. The reason for this choice is the direct relation between the 
signal delivered from the cell and the absorption at the perovskite layer. The evaluation of the optical parameters is 
made using the high-frequency module of the multiphysic computational package Comsol Multiphysics. Due to the 
geometry selected in this analysis, that is an extruded 2D arrangement, the calculation can be made in 2D, allowing 
a faster and more reliable optimization. The structure is excited with a plane wavefront under normal incidence 
conditions, and having a total irradiance of 50 mW/cm2. The state of polarization is perpendicular to the extruded 
direction (the electric field vector is contained within the plane where the electric field maps in Fig. 2c are plotted, 
TM polarization). Periodic boundary conditions are set on both sides of the unit cell to represent an infinite array of 
nanoslits. Each portion of the structure is defined geometrically and optically using its complex refractive index. The 
photo-generated current is calculated through the absorption of the incident radiation at the active layer.
The optimization is made by a parametric sweeping of the geometry of the nanostructure (GW and GH). In prac-
tice, we maximize the optical absorption at the solar cell active layer, Aperov. We maximize it for those wavelengths 
generating a large absorption at the active layer because they will generate a large electric signal, which is better suited 
to sense environmental changes. After optimizing this variable, we have obtained the spectral absorption for the three 
wavelengths of interest. The actual parameters that maximize absorption are given in Table 1 for each wavelength. So, 
we have maximized the amount of energy absorbed at the perovskite active layer through the combination of plasmonic 
resonances, funneling effects and selective transmission, by varying the geometrical parameters of the slits. In Figure 3 
we represent the maps of the absorption at the perovskite active layer, Aperov, in terms of the width (GW) and height 
(GH) of the slits, for each wavelength of the resonances identified previously (see labels in Table 1).
Results and Discussion
We can see that the maximum absorption, =A 94%perov  (see Fig. 3b), is obtained for a wide slit at λ = 715II  nm. 
The colormap of these plots has been normalized independently for each wavelength. Obviously, to compare the 
results among them, it is necessary to consider the maximum value for each one. Figure 4 shows the spectral 
absorption of the optimized devices for each wavelength previously selected (see Fig. 3 and Table 1). We see how 
the absorbed power is significantly larger after optmization.
To explore the capabilities of the proposed device for spectral and opto-electronic interrogation methods, 
we have evaluated the spectral absorption for each optimized case, and for two different values of the index of 
refraction, na = 1.0 and 1.1. This range is much larger than the expected variations in the index of refraction, and 
explores how this device behaves when adding nebulized liquids in the atmosphere, or when the analyte is under 
Figure 3. Maps of the absorption at the perovskite active layer, Aperov, in terms of the height (GH) and width 
(GW) of the slits, maintaining the thickness of the metal layer, and the grating period. Each map corresponds to 
one of the three spectral resonances centered at λ λ,I II, and λIII. There are two maxima for λII, labeled as # II-
wide and # II-narrow according to the width of the slit. The value of Aperov is given for every optimum design. 
We have represented these plots using colormaps with different ranges to emphasize the variations for each case. 
Therefore, the comparison between maps should consider the applicable ranges. The optimum designs are 
marked and labeled as in Table 1.
λ [nm] label p [nm] GW [nm] GH = tm [nm]
385 # I 375 80 125
715
# II-narrow 375 40 140
# II-wide 375 150 110
783 # III 375 75 140.
Table 1. Optimized geometrical parameters of the low-order diffraction grating.
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extreme values of pressure and temperature38. Besides, this extended range reveals better how the spectral absorp-
tion changes with respect to the index of refraction (as shown in Fig. 5). In our calculation, we have considered 
the gases as non-absorptive (meaning a negligible value of the imaginary part of the index of refraction). We have 
also neglected the contribution of scattering, but this simplification should be raised if nano- and micrometer 
size particles were taken into account63. In Fig. 5, we show how each design undergoes a spectral shift, Δλ, and 
absorption intensity change, ΔI, as the refractive index changes. In this last case, a variation in the absorption at 
the active layer translates in a change in the photo-generated current, and hence in responsivity. A larger Δλ, or 
ΔI, means a higher sensitivity because it generates a larger measurable change when the index of refraction var-
ies. However, the measurement method is different: Δλ is obtained through a spectral interrogation scheme, and 
ΔI is measured using an opto-electronic set-up where the electric signal delivered by the cell is processed by an 
external circuit. In this case, the electronic output signal of the device senses the variation of the refractive index, 
which means an opto-electronic interrogation.
We simulate our device’s performance to measure the index of refraction of gases (with index of refraction 
very close to 1.0). The system works with a monochromatic light source tuned to the selected resonant wavelength 
of each one of the designs (λ λ λ=− −, ,I II narrow II wide  or λIII). To properly compare the four designs, the light 
source illuminates the device with the same irradiance of 50 mW/cm2. This value is achievable using regular diode 
lasers. At the same time, the spectral width of the resonance is large enough compared with the typical linewidth 
of commercial laser diodes (well below 0.1 nm), to consider the light source as purely monochromatic (as a delta 
function in λ that samples the absorbed spectral). This irradiance generates a photo-current, Isc, that is retrieved 
from the cell and delivered to an electronic read-out circuit. When changing the index of refraction of the analyte, 
the current varies, and so does the delivered signal. The photo-current is used to calculate the responsivity, R, 
which is defined as64:
λ
λ
=
I
P
R( )
( )
,
(1)
sc
input
where Isc is the ideal photo-generated short-circuit current, and λP ( )input  is the incident light power that is deliv-
ered by the monochromatic source.
The change in the responsivity with respect to na is presented in Fig. 6. As pointed out in the introduction 
section, the sensitivity of this sensor can be defined as the variation of R with respect to the index of refraction of 
the analyte, na49,50,65:
=
∂
∂
S
n
R ,
(2)B a
and the Figure of Merit (FOM) is also redefined in terms of the responsivity, R49,50:
= .
S
R
FOM (3)
B
These definitions are adaptations of those applicable to plasmonic sensors interrogated in wavelength or angle 
of incidence, as it happens with Kretschmann and Otto configurations.
The evaluation of the sensitivity for the four designs presented in this paper, can be made using Eq. (2). Table 2 
summarizes the performance of the four designs in terms of sensitivity and FOM (Eqs. (2) and (3)). This table also 
includes the variations ∆λ and ∆Aperovs, that are applicable for a spectral interrogation method, or an 
opto-electronic technique, respectively. Our proposal is to measure using electric parameters, where Isc is propor-
tional to Aperov, and therefore, the sensitivity is given using its definition in terms of R. Figure 6 plots the respon-
sivity for the four designs treated in this contribution. For the first peak at λI, the change in photo-current when 
varying the index of refraction is large, in accordance with a 60% change in the absorption at the active layer (see 
Fig. 5a and Table 2). This means a high sensitivity to refractive index changes, but results in a limited dynamic 
Figure 4. Spectral absorption in the active layer for the optimum geometrical parameters at the three resonant 
wavelengths. the absorption in the active layer for the design with the arbitrary selected geometry is included for 
each case to show the effect of the optimization process.
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range since the current decays sharply (see Fig. 6a). The spectral absorption of the second peak at λII (see 6a, # 
II-narrow case), generates a smaller spectral shift while maintaining a significant variation in intensity. Its respon-
sivity is high and linear within the studied range in the index of refraction (see 6b). This expanded range in line-
arity is desiderable, and compared to the previous design at λI, makes this design operationally more robust and 
stable. Figure 6c,d contains a detailed zoom of the responsivity in the range ∈ . .n [1 000,1 001]a  that comprises the 
expected variations in the index of refraction of air or controlled atmospheres. We have selected designs # I and # 
II-narrow because they show a better behavior (higher SB). We can see, that these designs, even in this narrow 
range, provide competitive values of sensitivity. The corresponding performance values are also shown in Table 2. 
The spectral absorption for designs # II-wide, and # III presents a lower value of ΔI  (see Fig. 5c,d) that corre-
sponds with a lower value of sensitivity (see Fig. 6c,d, and Table 2). Even more, in the design # III at λ =783III  nm, 
the spectral shift, λΔ , is negligible and precludes its operation using spectral interrogation methods. This fact is 
in agreement with the physical interpretation of this peak as a selective transmitance through the slits62. The FOM 
results summarized in Table 2 are moderate compared with previously reported figures1–4,6–9.
FOM for angular and spectral interrogation systems is defined as the ratio between sensitivity, SB, and the 
capability of the system to distinguish a variation in the signal. This resolution capability is given as the full width 
at half maximum (FWHM) of the measured lineshape (in terms of angle or wavelength). The case treated in this 
paper generates an electric signal, the current delivered by the perovskite cell, that senses the variation in the 
index of refraction. This current will be affected by noise and fluctuations due to the intrinsic variations of the 
sensor, and related with the stability and noise level of the light source, the detector, and the signal acquisition 
electronics. Most of these variations can be accounted for and controlled. In the end, all this uncertainties are 
summarized in a variation of the responsivity, ΔR. which plays the same role as the FWHM used to define FOM 
for spectral or angular interrogation. A modification of the figure of merit adapted to this measurement proce-
dure would be defined as:
=
Δ
⁎ SFOM
R
, (4)
B
Figure 5. Spectral absorption for the four optimized designs at the three resonant wavelengths. These 
absorptions are calculated for two values of the index of refraction of the analyte, = .n 1 0a  and 1.1. The vertical 
blue dotted line represents the wavelength of resonance for = .n 1 0a , and 1.1. Δλ, is the spectral shift of the 
resonance when varying the index of refraction, and ΔI shows the variation in absorption at the perovskite 
active layer.
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where the * superscript is given here to distinguish this definition from the one given in Eq. (3). In the practical 
case that we treat here, when comparing the denominator in Eq. (3) with ΔR, we can conclude that the definition 
Figure 6. Variation of the responsivity, R, as a function of the index of refraction of the analyte, na, for the four 
optimum design selected in this paper. Plots (c,d) zoom in the region ∈ . .n [1 000, 1 001]a , where the index of 
refraction of gases typically vary, for designs # I and # II-narrow. The red lines limit the range in the index of 
refraction where the variation in the current can be linearly fitted, meaning a constant value of the sensitivity of 
the device, SB.
Design type Δλres[nm] ΔAperov[%] SB[mA(W.RIU) −1] FOM[RIU −1] FOM *[RIU −1]
Planar cell NA 1.4 70 0.15 NA
# I 33.2 60.0 3490 17.7 17700
# I (zoom) — — 2320 12.2 12200
# II-narrow 17.5 31.8 2330 5.5 5450
# II-narrow 
(zoom) — — 2290 5.4 5380
# II-wide 16.5 5.4 444 0.82 824
# III 0 15.0 1060 2.24 2240
Table 2. Performance parameters for the four designs.
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given in Eq. (3) clearly underestimates the FOM for our system.
From the definition of responsivity (Eq. (1)), we can derive its uncertainty, σR, that can be used in Eq. (4), 
considering σΔ =R R, as:
σ σ σΔ = =



∂
∂



+



∂
∂



= +



Δ 


R
I P
I
P
P
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R R R ,
(5)
I P
n
R
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2
2
input
2
2
2
input
2
2 input
input
2
sc input
where ∆P P/input input describes the stability in power of the illuminating light source. Assuming and accurate 
measurement of the current, we have taken its uncertainty as the noise in intensity of the photodetector σ = II nsc . The uncertainty of the illuminating power has been written in terms of the relative power stability of the source, 
σ ∆= PP inputinput . The device described in this contribution is quite close to a photodetector. Therefore, as it has 
been already proposed for perovskite based detectors53, we should consider photodetection quality parameters to 
assess the performance of the device. Among these parameters, the noise equivalent power, NEP, is defined as 
= INEP /Rn , and evaluated for perovskite detectors as = . ×
−NEP 4 6 10 12 W at a wavelength λ = 700 nm53. 
When taking the worst-case scenario with the largest value in responsivity evaluated in this paper ( =R 539 
mA/W at λ = 715 nm), we obtain an estimation of the maximum noise in intensity: = × = . × −I RNEP 2 5 10n
3 
pA. Taking into account this very small value of In, we find that the largest contribution to the variation in respon-
sivity is coming from the second term in Eq. (5). This means that, after neglecting the first term within the square 
root in Eq. (5), we obtain
σΔ = =
Δ

P
P
R R ,
(6)
R
input
input
meaning that the relative variation in responsivity is equal to the relative variation in input power: Δ =R/R  
ΔP /Pinput input. Using this approximation and combining Eqs. (3) and (4), it is possible to obtain a relation between 
FOM and ⁎FOM  as:
=



Δ 


×
−
⁎ P
P
FOM FOM,
(7)
input
input
1
showing that both performance parameters are proportional, and the proportionality constant depends on the 
stability in power of the light source, i. e., a more stable light source means a larger multiplicative term in Eq. (7). 
A value of Δ = −P P/ 10input input
3 is attainable with the current laser diode technology. This means that 
= ×⁎FOM 1000 FOM. This previous discussion makes possible a conservative evaluation of ΔR that we have 
included in the last column of Table 2, where we have found that ⁎FOM  reaches a significant maximum value of 
= −⁎FOM 17700 RIU 1, which is competitive with existing technologies. Within the range = . .n [1 000,1 001]a , this 
value is FOM* = 12200. This value would mean a capability of measuring change in the index of refraction as low 
as × −8 10 5 RIU, that may account for variations in the index of refraction of air5,14,34–36,39,45.
conclusions
The device proposed in this paper is able to sense variations of the index of refraction of the analyte using the 
electric signal delivered by a modified perovskite solar cell. Although a standard perovskite cell could work as an 
unsophisticated refractometric sensor, its design still allows improvement for this application. To take advantage 
of perovskite’s cell technologies, instead of designing a complete pervoskite sensor, we have just modified the front 
surface of the cell. This modification consists of a regular pattern of nanoslits engraved on a silver layer. This 
nanostructure substitutes the front ITO electrode in a flipped configuration where the substrate moves towards 
the back contact, exposing the analyte to the front metallic layer. This modified arrangement is responsible for the 
spectral selectivity of the system. Besides, the geometrical parameters are selected within feasible and fabricable 
ranges to maximize the signal obtained from the device. This optimization considers the analyte as a gas medium 
with index of refraction close to 1. The device is illuminated with a monochromatic source tuned at one of the 
resonant wavelengths. The short-circuit current generated by the device feeds the measurement electronics to 
provide a signal that senses the changes in the index of refraction of the analyte. We have adapted the definitions 
of sensitivity and FOM to the case of an opto-electronic interrogation method. These results help us to identify 
which of the resonant wavelengths and designs works better as a refractometric sensor. The evaluation of the 
FOM shows a relevant value as large as 17.7 RIU −1 that, however, it is still moderate when compared with existing 
technologies. Moreover, this system gets rid of complicated, voluminous, and expensive elements used when 
spectral interrogation is necessary. On the other hand, if the definition of the figure of merit uses photodection 
parameters, the values of FOM should be replaced by a modified FOM * where the resolution in responsivity is 
given in terms of the limitations of the sensor taken as a photodetector. When doing this, we find a value of this 
modified figure of merit as large as ⁎FOM  = 17700 −RIU 1 ( ⁎FOM  = 12200 −RIU 1 within the range 
= . .n [1 000,1 001]a ). From the previously obtained results, it seems that designs # I and # II-narrow are the most 
promising alternatives. In any case, the choice of one of the four designs will depend on the availability of light 
sources, the reliability of the fabrication, and the selection of a higher performance in terms of the FOM (or 
FOM*), or an expanded linear behavior.
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Summarizing the finding of this paper, we are proposing a refractometric sensor that modifies a perovskite 
solar cell. This modification takes the form of a subwavelength metallic grating acting as the front contact of the 
cell. All the system (light source, sensor, and acquisition electronics) can be packed together within a tiny volume 
allowing miniaturization. The detection uses the electric signal delivered by the cell. This approach does not 
require any goniometer or spectrometer, making the device easier to operate. When considering a modified figure 
of merit, ⁎FOM , to describe the behavior of the device, the reported values are very competitive with existing 
technologies.
Received: 13 February 2019; Accepted: 30 March 2020;
Published: xx xx xxxx
References
 1. Gupta, R. & Yakuphanoglu, F. Photoconductive schottky diode based on Al/p-Si/SnS2/Ag for optical sensor applications. Solar 
Energy 86, 1539–1545 (2012).
 2. Roy, S., Jacob, C. & Basu, S. Studies on Pd/3C-SiC schottky junction hydrogen sensors at high temperature. Sensors and Actuators B: 
Chemical 94, 298–303 (2003).
 3. Kang, K., Na, K., Kwon, D., Lee, J.-Y. & Park, I. Self-powered gas sensor using thin-film photovoltaic cell and microstructured 
colorimetric film. In 2017 19th International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS), 
1536–1539 (IEEE, 2017).
 4. Qin, L., Zhang, C., Li, R. & Li, X. Silicon-gold core-shell nanowire array for an optically and electrically characterized refractive 
index sensor based on plasmonic resonance and schottky junction. Optics letters 42, 1225–1228 (2017).
 5. Li, K. et al. Ultrasensitive measurement of gas refractive index using an optical nanofiber coupler. Optics Letters 43, 679–682, http://
ol.osa.org/abstract.cfm?URI=ol-43-4-679 (2018).
 6. H Elshorbagy, M., Cuadrado, A. & Alda, J. Narrow absorption in ito-free perovskite solar cells for sensing applications analyzed 
through electromagnetic simulation. Applied Sciences 9, 4850 (2019).
 7. Augel, L. et al. Integrated collinear refractive index sensor with ge pin photodiodes. ACS Photonics 5, 4586–4593 (2018).
 8. Liu, B. et al. High-performance chemical sensing using schottky-contacted chemical vapor deposition grown monolayer mos2 
transistors. ACS nano 8, 5304–5314 (2014).
 9. Hu, Y. et al. Supersensitive, fast-response nanowire sensors by using schottky contacts. Advanced Materials 22, 3327–3332 (2010).
 10. Elshorbagy, M. H., Cuadrado, A. & Alda, J. Plasmonic sensor based on dielectric nanoprisms. Nanoscale research letters 12, 580 
(2017).
 11. Ma, K., Liu, L., Zhang, P., He, Y. & Peng, Q. Optimization of angle-pixel resolution for angular plasmonic biosensors. Sensors and 
Actuators B: Chemical 283, 188–197 (2019).
 12. Sohn, Y.-S. A study on the sensitivity of surface plasmon resonance sensor chips with various material configurations in angle and 
intensity detection modes. Journal of Sensor Science and Technology 26, 402–407 (2017).
 13. Edmondson, W. Gas analysis by refractive index measurements. British Journal of Anaesthesia 29, 570–574, https://doi.org/10.1093/
bja/29.12.570. https://academic.oup.com/bja/article-pdf/29/12/570/665291/29-12-570.pdf (1957).
 14. Xiao, G. Z., Adnet, A., Zhang, Z., Sun, F. G. &Grover, C. P. Monitoring changes in the refractive index of gases by means of a fiber 
optic fabry-perot interferometer sensor. Sensors and Actuators A: Physical 118, 177–182, http://www.sciencedirect.com/science/
article/pii/S092442470400634X (2005).
 15. Elshorbagy, M. H., Cuadrado, A. & Alda, J. High sensitivity integrated devices based on surface plasmon resonance for sensing 
applications. Photonics Research 5, 654–661 (2017).
 16. Elshorbagy, M. H., Cuadrado, A., Gonzalez, G., Gonzalez, F. J. & Alda, J. Performance improvement of refractometric sensors 
through hybrid plasmonic fano resonances. Journal of Lightwave Technology 37, 2905–2913 (2019).
 17. Liang, C. et al. Tunable triple-band graphene refractive index sensor with good angle-polarization tolerance. Optics Communications 
436, 57–62 (2019).
 18. Green, M. A., Ho-Baillie, A. & Snaith, H. J. The emergence of perovskite solar cells. Nature photonics 8, 506 (2014).
 19. Zeng, Q. et al. Inorganic CsPbI2Br perovskite solar cells: The progress and perspective. Solar RRL 3, 1800239 (2019).
 20. Elshorbagy, M. H., Garca-Cámara, B., López-Fraguas, E. & Vergaz, R. Efficient light management in a monolithic tandem perovskite/
silicon solar cell by using a hybrid metasurface. Nanomaterials 9, 791 (2019).
 21. Rong, Y. et al. Challenges for commercializing perovskite solar cells. Science 361, eaat8235 (2018).
 22. Li, S.-N. et al. Using an extractive fourier transform infrared spectrometer for improving cleanroom air quality in a semiconductor 
manufacturing plant. AIHA Journal 64, 408–414, 10.1080/15428110308984835. 10.1080/15428110308984835 (2003).
 23. Hromadka, J. et al. Multi-parameter measurements using optical fibre long period gratings for indoor air quality monitoring. Sensors 
and Actuators B: Chemical 244, 217–225, http://www.sciencedirect.com/science/article/pii/S0925400516320123 (2017).
 24. Cheng, C.-S., Chen, Y.-Q. &Lu, C.-J. Organic vapour sensing using localized surface plasmon resonance spectrum of metallic 
nanoparticles self assemble monolayer. Talanta 73, 358–365, http://www.sciencedirect.com/science/article/pii/S0039914007002639 
(2007).
 25. Zampolli, S. et al. Real-time monitoring of sub-ppb concentrations of aromatic volatiles with a mems-enabled miniaturized gas-
chromatograph. Sensors and Actuators B: Chemical 141, 322–328, http://www.sciencedirect.com/science/article/pii/
S0925400509004985 (2009).
 26. Topliss, S., James, S., Davis, F., Higson, S. &Tatam, R. Optical fibre long period grating based selective vapour sensing of volatile 
organic compounds. Sensors and Actuators B: Chemical 143, 629–634, http://www.sciencedirect.com/science/article/pii/
S092540050900776X (2010).
 27. Kramer, A. & Paul, T. A. High-precision density sensor for concentration monitoring of binary gas mixtures. Procedia Engineering 
47, 44 – 47, http://www.sciencedirect.com/science/article/pii/S1877705812041355. 26th European Conference on Solid-State 
Transducers, EUROSENSOR 2012 (2012).
 28. Mirzaei, A., Leonardi, S. & Neri, G. Detection of hazardous volatile organic compounds (VOCs) by metal oxide nanostructures-
based gas sensors: A review. Ceramics international 42, 15119–15141 (2016).
 29. Spinelle, L., Gerboles, M., Villani, M. G., Aleixandre, M. &Bonavitacola, F. Field calibration of a cluster of low-cost available sensors 
for air quality monitoring. Part A: Ozone and nitrogen dioxide. Sensors and Actuators B: Chemical 215, 249–257, http://www.
sciencedirect.com/science/article/pii/S092540051500355X (2015).
 30. Spinelle, L., Gerboles, M., Villani, M. G., Aleixandre, M. &Bonavitacola, F. Field calibration of a cluster of low-cost commercially 
available sensors for air quality monitoring. Part B: NO, CO and CO2. Sensors and Actuators B: Chemical 238, 706–715, http://www.
sciencedirect.com/science/article/pii/S092540051631070X (2017).
 31. Caucheteur, C., Guo, T., Liu, F., Guan, B.-O. &Albert, J. Ultrasensitive plasmonic sensing in air using optical fibre spectral combs. 
Nature Communications 7, 13371, https://www.nature.com/articles/ncomms13371#citeas (2016).
 32. Afsari, A. & Sarraf, M. J. Design of a hydrogen sulfide gas sensor based on a photonic crystal cavity using graphene. Superlattices and 
Microstructures 138, 106362, http://www.sciencedirect.com/science/article/pii/S0749603619315538 (2020).
1 0Scientific RepoRtS |         (2020) 10:7761  | https://doi.org/10.1038/s41598-020-63570-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
 33. Pannek, C. et al. Highly sensitive reflection based colorimetric gas sensor to detect co in realistic fire scenarios. Sensors and Actuators 
B: Chemical 306, 127572, http://www.sciencedirect.com/science/article/pii/S092540051931771X (2020).
 34. Edlen, B. The refractive index of air. Metrologia 2, 71–80, http://jupiter.chem.uoa.gr/thanost/papers/papers4/Metrol_2(1966)71.pdf 
(1966).
 35. Birch, K. P. & Downs, M. J. An updated edlén equation for the refractive index of air. Metrologia 30, 155–162, https://iopscience.iop.
org/article/10.1088/0026-1394/30/3/004/pdf (1993).
 36. Ciddor, P. E. Refractive index of air: new equations for the visible and near infrared. Appl. Opt. 35, 1566–1573, http://ao.osa.org/
abstract.cfm?URI=ao-35-9-1566 (1996).
 37. Pawar, D., Rao, B. V. B. &Kale, S. N. Highly porous graphene coated optical fiber in fabry-perot interferometric mode for nh3 gas 
sensing. In 13th International Conference on Fiber Optics and Photonics, Tu4A.58, http://www.osapublishing.org/abstract.
cfm?URI=Photonics-2016-Tu4A.58 (Optical Society of America, 2016).
 38. Giraudet, C., Marlin, L., BÃ©guÃ©, D., Croccolo, F. &Bataller, H. Concentration dependent refractive index of co2/ch4 mixture in 
gaseous and supercritical phase. The Journal of Chemical Physics 144, 134304, https://doi.org/10.1063/1.4944984. https://doi.
org/10.1063/1.4944984 (2016).
 39. Pevec, S. & Donlagic, D. Miniature fiber-optic fabry-perot refractive index sensor for gas sensing with a resolution of 5×10&#x2212;9 
riu. Opt. Express 26, 23868–23882, http://www.opticsexpress.org/abstract.cfm?URI=oe-26-18-23868 (2018).
 40. Wang, X. et al. High-accuracy hybrid fiber-optic fabry-p&#x00e9;rot sensor based on mems for simultaneous gas refractive-index 
and temperature sensing. Opt. Express 27, 4204–4215, http://www.opticsexpress.org/abstract.cfm?URI=oe-27-4-4204 (2019).
 41. Allsop, T. et al. Methane detection scheme based upon the changing optical constants of a zinc oxide/platinum matrix created by a 
redox reaction and their effect upon surface plasmons. Sensors and Actuators B: Chemical 255, 843–853, http://www.sciencedirect.
com/science/article/pii/S0925400517314806 (2018).
 42. Mansouri, M., Mir, A. & Farmani, A. Numerical modeling of a nanostructure gas sensor based on plasmonic effect. Jounal of 
Optoelectornical Nanostructures 4, 29–43 (2019).
 43. Shamy, R. S. E., Khalil, D. & Sweilam, M. A. Mid infrared optical gas sensor using plasmonic Mach-Zehnder interferometer. 
Scientific Reports 10, 1293 (2020).
 44. Zhang, Z., He, J., Du, B., Guo, K. & Wang, Y. Highly sensitive gas refractive index sensor based on hollow-core photonic bandgap 
fiber. Opt. Express 27, 29649–29658 http://www.opticsexpress.org/abstract.cfm?URI=oe-27-21-29649 (2019).
 45. Sun, S. et al. Research on the gas refractive index sensing based on microfiber double-knot resonator with a parallel structure. Optik 
204, 164207, http://www.sciencedirect.com/science/article/pii/S0030402620300413 (2020).
 46. Shiri, A. et al. Broadband omni-resonance doubles the near-infrared quantum-efficiency of a thin film solar cell. In Frontiers in 
Optics, JW4A–83 (Optical Society of America, 2019).
 47. Peter Amalathas, A. & Alkaisi, M. M. Nanostructuregs for light trapping in thin film solar cells. Micromachines 10, 619 (2019).
 48. Elshorbagy, M. H. & Alda, J. Funneling and guiding effects in ultrathin asi-h solar cells using one-dimensional dielectric 
subwavelength gratings. Journal of Photonics for Energy 7, 017002 (2017).
 49. Zheng, G., Cong, J., Xu, L. & Wang, J. High-resolution surface plasmon resonance sensor with fano resonance in waveguide-coupled 
multilayer structures. Applied Physics Express 10, 042202 (2017).
 50. Nesterenko, D. V. & Sekkat, Z. Resolution estimation of the au, ag, cu, and al single-and double-layer surface plasmon sensors in the 
ultraviolet, visible, and infrared regions. Plasmonics 8, 1585–1595 (2013).
 51. Shakoor, A. et al. Plasmonic sensor monolithically integrated with a cmos photodiode. ACS Photonics 3, 1926–1933, https://doi.
org/10.1021/acsphotonics.6b00442 (2016).
 52. LÃ³pez-Fraguas, E. et al. Visible light communication system using an organic emitter and a perovskite photodetector. Organic 
Electronics 73, 292 – 298, http://www.sciencedirect.com/science/article/pii/S1566119919303234 (2019).
 53. Dou, L. et al. Solution-processed hybrid perovskite photodetectors with high detectivity. Nature Communications 5, 5404, https://
doi.org/10.1038/ncomms6404 (2014).
 54. Ou, X.-L., Xu, M., Feng, J. & Sun, H.-B. Flexible and efficient ito-free semitransparent perovskite solar cells. Solar Energy Materials 
and Solar Cells 157, 660–665, http://www.sciencedirect.com/science/article/pii/S0927024816302355 (2016).
 55. Sears, K. K. et al. Ito-free flexible perovskite solar cells based on roll-to-roll, slot-die coated silver nanowire electrodes. Solar RRL 1, 
1700059 (2017).https://onlinelibrary.wiley.com/doi/abs/10.1002/solr.201700059.https://onlinelibrary.wiley.com/doi/pdf/10.1002/
solr.201700059.
 56. Liang, F. et al. Promising ito-free perovskite solar cells with wo3â€“agâ€“sno2 as transparent conductive oxide. Journal of Material 
Chemistry A 6, 19330–19337, https://doi.org/10.1039/C8TA08287A (2018).
 57. Bouchon, P. et al. Total funneling of light in high aspect ratio plasmonic nanoresonators. Applied Physics Letters 98, 191109 
(2011).
 58. Cuadrado, A., Alda, J. & Gonzalez, F. J. Distributed bolometric effect in optical antennas and resonant structures. Journal of 
Nanophotonics 6, 1–13, https://doi.org/10.1117/1.JNP.6.063512 (2012).
 59. Silva-López, M., Cuadrado, A., Llombart, N. & Alda, J. Antenna array connections for efficient performance of distributed 
microbolometers in the ir. Opt. Express 21, 10867–10877, http://www.opticsexpress.org/abstract.cfm?URI=oe-21-9-10867 
(2013).
 60. Mennemanteuil, M.-M. et al. Laser-induced thermoelectric effects in electrically biased nanoscale constrictions. Nanophotonics 7, 
1917–1927, https://www.degruyter.com/downloadpdf/j/nanoph.2018.7.issue-12/nanoph-2018-0083/nanoph-2018-0083.pdf (2018).
 61. Kolosovas-Machuca, E. S. et al. Detection of histamine dihydrochloride at low concentrations using raman spectroscopy enhanced 
by gold nanostars colloids. Nanomaterials 9, https://www.mdpi.com/2079-4991/9/2/211 (2019).
 62. Elshorbagy, M. H., Cuadrado, A. &Alda, J. Plasmonic sensors based on funneling light through nanophotonic structures. Plasmonics, 
https://doi.org/10.1007/s11468-019-01105-6 (2020).
 63. Cuadrado, A., Sanchez-Brea, L. M., Torcal-Milla, F. J., Quiroga, J. A. &Gomez-Pedrero, J. A. Numerical model of the inhomogeneous 
scattering by the human lens. Biomed. Opt. Express 10, 2161–2176, http://www.osapublishing.org/boe/abstract.
cfm?URI=boe-10-5-2161 (2019).
 64. Gan, X. et al. Chip integrated ultrafast graphene photodetector with high responsivity. Nature Photonics 7, 883 (2013).
 65. Becker, J., Trügler, A., Jakab, A., Hohenester, U. & Sönnichsen, C. The optimal aspect ratio of gold nanorods for plasmonic bio-
sensing. Plasmonics 5, 161–167, https://doi.org/10.1007/s11468-010-9130-2 (2010).
Acknowledgements
The research included in this paper has been possible through a grant from the Ministry of Higher Education of 
Egypt, through a collaboration grant between the Egyptian institution and the University Complutense of Madrid. 
This work has been supported by Comunidad de Madrid under the SINFOTON2-CM Research Program (S2018/
NMT-4326-SINFOTON2-CM) and the Spanish Ministry of Economy, the Agencia Estatal de Investigación and 
European Unionâ€™s FEDER under the TEC2016-77242-C3. The authors also thank to Irene Alda for her critical 
reading and English style corrections of the manuscript.
1 1Scientific RepoRtS |         (2020) 10:7761  | https://doi.org/10.1038/s41598-020-63570-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
Author contributions
All the authors, M.H.E., A.C., B.R, and J.A., contributed equally to this paper.
competing interests
The authors declare no competing interests.
Additional information
Correspondence and requests for materials should be addressed to J.A.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020
